The air-free reaction of CoCl 2 with 1,3,5-tri(1H-1,2,3-triazol-5-yl)benzene (H 3 BTTri) in N,N-dimethylformamide (DMF) and methanol leads to the formation of CoBTTri (Co 3 [(Co 4 Cl) 3 (BTTri) 8 ] 2 ·DMF), a sodalite-type metal− organic framework. Desolvation of this material generates coordinatively unsaturated low-spin cobalt(II) centers that exhibit a strong preference for binding O 2 over N 2 , with isosteric heats of adsorption (Q st ) of −34(1) and −12(1) kJ/ mol, respectively. The low-spin (S = 1/2) electronic configuration of the metal centers in the desolvated framework is supported by structural, magnetic susceptibility, and computational studies. A single-crystal X-ray structure determination reveals that O 2 binds end-on to each framework cobalt center in a 1:1 ratio with a Co−O 2 bond distance of 1.973(6) Å. Replacement of one of the triazolate linkers with a more electron-donating pyrazolate group leads to the isostructural framework Co-BDTriP (Co 3 [(Co 4 Cl) 3 (BDTriP) 8 ] 2 ·DMF; H 3 BDTriP = 5,5′-(5-(1H-pyrazol-4-yl)-1,3-phenylene)bis(1H-1,2,3-triazole)), which demonstrates markedly higher yet still fully reversible O 2 affinities (Q st = −47(1) kJ/mol at low loadings). Electronic structure calculations suggest that the O 2 adducts in Co-BTTri are best described as cobalt(II)−dioxygen species with partial electron transfer, while the stronger binding sites in Co-BDTriP form cobalt(III)−superoxo moieties. The stability, selectivity, and high O 2 adsorption capacity of these materials render them promising new adsorbents for air separation processes.
■ INTRODUCTION
Decades after their discovery in the mid-19th century, 1 synthetic transition metal−dioxygen compounds continue to command widespread interest due to their relevance as models of biological oxygen carriers and metalloenzymes, 2 catalysts in oxidation chemistry, 3 and adsorbents for industrial air separation applications. 4 Recently, rising atmospheric CO 2 levels have generated increasing impetus for research efforts in this last area, as several proposed carbon capture and sequestration technologies require the use of high-purity oxygen.
5 Briefly, precombustion CO 2 capture utilizes O 2 for the gasification of coal, while oxyfuel combustion systems burn fuel in the presence of pure O 2 diluted in CO 2 . As high-purity oxygen is currently produced on a large scale via energetically demanding cryogenic distillation, 6 there is a need for alternative, lower-cost air separation technologies.
Metal−organic frameworks, a relatively new class of highly crystalline and porous materials, have the potential to transform a variety of gas separation and storage processes, 5b,7 including oxygen purification from air. For example, frameworks containing coordinatively unsaturated redox-active metal centers that can reversibly bind and reduce oxygen, such as Cr 3 (btc) 2 , Cr-BTT, and Fe 2 (dobdc), exhibit much higher selectivities and total capacities than the ion-exchanged zeolites currently used in adsorbent-based air separation plants and devices. 4c,d,8,9 Furthermore, most ion-exchanged zeolites are N 2 -selective, as their extra-framework cations (e.g., Li + ) are generally redox-inactive and interact preferentially with the larger quadrupole moment of nitrogen. Because oxygen constitutes a smaller fraction of air than nitrogen (21% versus 78%), O 2 -selective materials such as the aforementioned metal−organic frameworks are inherently more efficient than N 2 -selective adsorbents. In spite of these advantages, however, many improvements are still necessary with respect to the thermal stability and cyclability of metal−organic frameworks. Indeed, Fe 2 (dobdc) irreversibly oxidizes at temperatures above 222 K, while chromium frameworks can exhibit gradual capacity losses over multiple cycles. Significantly, all of these framework materials decompose over time when exposed to humid air. While molecular complexes of cobalt(II) comprise some of the earliest, 10 prototypical examples of synthetic oxygen carriers, cobalt-based metal−organic frameworks with a strong affinity for O 2 are noticeably absent from the literature. This discrepancy may be due to the widespread use of weak-field carboxylate-based bridging ligands as framework struts, leading to electron-poor cobalt(II) nodes that exhibit only weak O 2 binding. Additionally, cobalt(III)-superoxo and peroxo species, like most cobalt(III) compounds, adopt low-spin electronic configurations with short equatorial metal−ligand bonds ranging from ∼1.9 to 2.0 Å. 11 These geometric requirements may be incompatible with certain framework structures. For example, it has been shown that transition-metal ions in the M 2 (dobdc) (also known as M-MOF-74) series maintain a highspin configuration even in the presence of strong-field ligands such as CO as well as in high oxidation states. 12, 13 Due to the combination of weak ligand field and structural rigidity, the metal centers in Co 2 (dobdc) have been demonstrated to be redox-inactive in the presence of O 2 .
14 Thus, while cobalt(II)-based metal−organic frameworks are appealing targets in the pursuit of new adsorbents for air separations, development of such materials requires the design of new frameworks possessing both strong-field ligands and some degree of structural flexibility.
Herein, we present two such metal−organic frameworks, CoBTTri and Co-BDTriP, which feature coordinatively unsaturated cobalt(II) centers supported by a combination of electron-donating triazolate and pyrazolate linkers. Gas adsorption measurements reveal that both materials exhibit a strong preference for binding O 2 over N 2 . Electronic structure calculations further show that the extent of charge transfer between the cobalt(II) nodes and dioxygen is highly dependent on the primary coordination sphere of the metal center.
■ EXPERIMENTAL SECTION
Synthesis of Co-BTTri. A 100 mL Schlenk flask was charged with 200 mg of H 3 BTTri (0.716 mmol, 1.00 equiv) dissolved in 50 mL of N,N-dimethylformamide and methanol (10:1 DMF:MeOH). To this mixture was added 319 mg dimethylformamidium trifluoromethanesulfonate (1.43 mmol, 2.00 equiv) followed by 163 mg CoCl 2 (1.26 mmol, 1.75 equiv). The Schlenk flask was sealed using a high-vacuum grease suitable for high temperatures, degassed by freeze−pump− thawing three times, and stirred at 393 K for 7 days and 413 K for 2 days. The resulting pink solid was filtered, and under an inert atmosphere washed with DMF (6 × 50 mL, each wash 12 h at 393 K) and exchanged with methanol (6 × 50 mL, each wash 12 h at 343 K). The solid was fully activated by heating at 423 K under dynamic vacuum for 24 h to produce 158 mg of a tan solid (49% yield). The reaction can also be scaled up and concentrated to 1.60 g of H 3 BTTri in 200 mL of the same solvent mixture, 1.75 equiv of CoCl 2 , and 1.00 equiv of acid (note reduced acid equivalents) to produce 1.70 g of material (66% yield Single-Crystal Synthesis of Co-BTTri. A 20 mL vial was charged with 10 mg of H 3 BTTri (0.036 mmol, 1.0 equiv) and 8 mL of solvent (4:1 DMF:MeOH). After the ligand had fully dissolved, 2.2 equiv of concentrated HCl (12 M) was added, followed by 3.0 mg of CoCl 2 (0.023 mmol, 0.65 equiv) and 150 μL of water. The solution was separated into several pyrex tubes, freeze−pump−thawed, and flamesealed. Heating the sealed tubes at 423 K for 4 days led to the formation of pink, cubic crystals of Co-BTTri.
Single-Crystal Synthesis of Co-BDTriP. A 20 mL vial was charged with 20 mg of H 3 BDTriP (0.072 mmol, 1.0 equiv) and 4 mL of solvent (4:1 DMF:MeOH). After the ligand had fully dissolved, 1.1 equiv of concentrated HCl (12 M) was added (0.079 mmol) along with 250 μL of water, followed by 9.3 mg of CoCl 2 (0.072 mmol, 1.0 equiv). The solution was separated into several pyrex tubes, freeze− pump−thawed, and flame-sealed. Heating the sealed tubes at 423 K for 1 week led to the formation of pink, cubic crystals of Co-BDTriP. The crystals were isolated, transferred into a glovebox, and then washed with DMF (6 × 50 mL, each wash 12 h at 393 K), exchanged with methanol (6 × 50 mL, each wash 12 h at 343 K), and activated at 453 K for 24 h to give 20 mg of activated Co-BDTriP (60% yield). Anal. c a l c d f o r C o 3 [ ( C o 4 C l ) 3 ( B D T r i P ) 8 Low-Pressure Gas Adsorption Measurements. For all gas adsorption measurements, 50−100 mg of sample was transferred to a preweighed glass sample tube under an atmosphere of nitrogen and capped with a Transeal. Samples were then transferred to a Micromeritics ASAP 2020 gas adsorption analyzer and heated under dynamic vacuum until the outgas rate at the degassing temperature was <2 μbar/min and were subsequently weighed to determine the mass of sample. Adsorption isotherms for the uptake of O 2 at 195 K were measured using a dry ice/isopropanol cold bath. Temperatures between 195 and 273 K were maintained using a Julabo FT902 immersion cooler.
Isotherm Fitting. Adsorption isotherms for O 2 and N 2 in CoBTTri and Co-BDTriP were fit with a multisite Langmuir equation (eq 1), where n is the total amount adsorbed in mmol/g, P is the pressure in bar, n sat,I is the saturation capacity in mmol/g, and b i is the Langmuir parameter in bar −1 . While all isotherm data for Co-BTTri could be adequately fit by a dual-site Langmuir equation, the O 2 data for Co-BDTriP required at least a quadruple-site equation due to the mixture of coordination environments for the metal centers. (1)
The Langmuir parameter can be expressed using eq 2, where S i is the site-specific molar entropy of adsorption in J/mol·K, E i is the sitespecific binding energy in kJ/mol, R is the gas constant in J/mol·K, and T is the temperature in K. The variable temperature isotherms for N 2 and O 2 were each fit simultaneously with a single set of parameters. Isosteric Heat of Adsorption Calculations. Using the Langmuir fits, the isosteric heat of adsorption, Q st , can be calculated as a function of the total amount of gas adsorbed, n, by using the integrated form of the Clausius−Clapeyron equation (eq 3):
For example, the O 2 Langmuir fits for Co-BTTri were used to obtain the exact pressures that correspond to specific loadings at 195, 213, and 223 K. This was done at loading intervals of 0.1 mmol/g. At each loading, the slope of ln(P) versus 1/T was calculated to obtain the isosteric heat. Ideal Adsorbed Solution Theory Calculations. Ideal adsorbed solution theory (IAST) 15 was used to predict mixed gas behavior (e.g., 0.21 bar O 2 , 0.79 bar N 2 ) from single-component adsorption isotherms. Plots showing IAST selectivities as a function of temperature were calculated using the Langmuir fits for O 2 and N 2 in Co-BTTri and Co-BDTriP. The selectivity factor, S, is defined according to eq 4, where n i is the amount adsorbed for each component as determined from IAST and x i is the mole fraction of each component in the gas phase at equilibrium.
Single Crystal X-ray Diffraction. For all solvated structures, Xray diffraction analyses were performed on single crystals coated with Paratone-N oil and mounted on Kapton or MiTeGen loops. For activated and gas-dosed structures, a single crystal was epoxied onto a thin glass fiber and carefully inserted into a 1.0 mm borosilicate capillary. The capillary was then attached to a Micromeritics ASAP 2020 instrument via a custom designed gas cell, degassed at a specified temperature using a sand bath, and then dosed with 400 mbar of a specific gas (He or O 2 ). After dosing, the capillary was flame-sealed. Xray data for all Co-BTTri samples were collected at Beamline 11.3.1 at the Advanced Light Source, Lawrence Berkeley National Laboratory using synchrotron radiation (λ = 0.7749 or 0.8856 Å) and a Bruker PHOTON100 CMOS diffractometer equipped with a Bruker AXS APEX II CCD detector. X-ray data for the Co-BDTriP samples were collected using a Bruker APEX-II QUAZAR diffractometer (Mo−Kα, λ = 0.71073 Å) equipped with a Bruker APEX II detector. For more details on treatment of X-ray data, please see the Supporting Information.
Magnetic Susceptibility. Magnetic susceptibility measurements were performed on Co-BTTri and DMF-solvated Co-BTTri using a Quantum Design MPMS2 SQUID magnetometer. DC magnetic susceptibility measurements were collected in the temperature range 2−300 K under applied magnetic fields of 0.1, 0.5, and 1 T. Diamagnetic corrections were applied to the data using Pascal's constants. For the activated Co-BTTri sample, data in the temperature range of 50−300 K were simulated using the software program PHI using the simplex method. 16 For more details on sample preparation and data treatment, please see the Supporting Information.
Quantum Chemical Calculations. Two different cluster models were used in this study. The first was crafted from the X-ray crystal structures of the activated and O 2 -bound Co-BTTri compounds. The [Co 4 Cl(Tri) 8 ] 1− models (HTri =1,2,3-triazole) were saturated with H atoms to keep the correct total charge. Geometry optimizations were performed where the position of H atoms was relaxed, while the key atoms (Co, Cl, N) were kept fixed. The amount of charge transferred from Co to O 2 and the magnetic exchange coupling constants were computed. These properties directly depend on the geometry, and for that reason the experimental bond distances and angles of Co, Cl, and triazolate were employed. These calculations were performed by means of density functional theory (DFT) and multiconfigurational wave function theory. All cluster DFT calculations were performed with the M06 17 functional as implemented in the Gaussian 09 18 program package and the def2-TZVP all-electron basis sets.
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Multiconfigurational calculations with the complete active space self-consistent field 20 (CASSCF) method, and its extension through second-order perturbation theory 21 (CASPT2), were performed on both activated and O 2 -bound complexes. A minimal active space composed of four electrons in the four 3d z 2 orbitals (abbreviated as CAS(4,4)) was used for the calculation of the exchange coupling constants J and J′. A spin ladder of one quintet, three triplets and one singlet states was formed by considering the spin couplings of four S = 1/2 centers. CASPT2(4,4) energies were used for the calculation of the J and J′ constants. For an in-depth understanding of the local properties of one, noncoupled Co center, CASSCF/CASPT2 calculations were performed on a monocobalt model, i.e., three out of four Co II centers were substituted by closed-shell Mg II centers. A CAS(9,11) composed of the five 3d orbitals of Co, the five orbitals of the second d-shell of Co, and the bonding component between the 3d x 2 −y 2 orbital and four 2p orbitals of the Co-coordinated N atoms was used for the activated node. For the Co−O 2 node, a CAS(11,13) was employed, which included the same orbitals of CAS (9, 11) augmented with the two singly occupied π* orbitals of O 2 . The triple-ζ quality ANO-RCC-VTZP basis set was used for Co and O atoms, a double-ζ quality ANO-RCC-VDZP basis set for the atoms forming the first coordination sphere of Co, and a minimal ANO-RCC-MB basis set for all other atoms. All multiconfigurational calculations were performed using the MOLCAS 8.0 program package. 22 The second cluster model was crafted from the Co-BTTri structure optimized with periodic DFT. The effect of the countercation was considered for the periodic DFT geometry optimizations of the activated Co-BTTri material. The negative charge of the framework was balanced with protons placed at the noncoordinated N atoms of the triazolate group. This approach is similar to the work of Poloni et al. 23 in which the M-BTT family of materials was optimized using periodic DFT with protonated frameworks. The pyrazolate group of the BTP 3− ligand possesses no uncoordinated N atoms, and therefore periodic DFT geometry optimizations were not performed on the Co-BTP structure. We also considered cluster models of the isostructural Co-BTT and Co-BTP systems to investigate the effect of the different ligands (BTT All periodic DFT calculations were performed with the Vienna Ab Initio Simulation Package (VASP) version 5.3.5. 24, 25 The Perdew− Burke−Ernzerhof (PBE) gradient-corrected, exchange−correlation functional, 26 combined with Grimme's D3 dispersion correction (PBE-D3), 27 was used for all periodic calculations. The electronic self-consistency loop was converged within 10 −5 eV, and the ionic positions and lattice constants were fully relaxed until forces were converged within 0.05 eV/Å. Finally, a plane wave energy cutoff of 400 eV was used, while the Brillouin zone was sampled at the Gamma point only.
■ RESULTS AND DISCUSSION Synthesis of Co-BTTri. Solvated Co-BTTri, or Co 3 [(Co 4 Cl) 3 (BTTri) 8 ] 2 ·58DMF, can be readily synthesized under air-free conditions through the reaction of H 3 BTTri, CoCl 2 , and dimethylformamidium trifluoromethanesulfonate in a mixture of DMF and methanol at 393 K. The powder X-ray diffraction pattern of this product (see Figure S1 ) is in good agreement with a family of cubic, sodalite-type frameworks whose general structure consists of square [M 4 analyses indicate that residual DMF remains within the material, the majority of which is likely ligated to the extraframework cations ( Figure S2 ). The overall formula of activated Co-BTTri is thus Co 3 [(Co 4 Cl) 3 
Analogues of Co-BTTri have previously been synthesized with a variety of nitrogen heterocycle-containing linkers and transition metals. These systems include tetrazolates (M-BTT; H 3 BTT = 1,3,5-tri(1H-tetrazol-5-yl)benzene; M = Cr, Mn, Fe, Co, Ni, Cu, Cd), 8, 28 triazolates (M-BTTri; H 3 BTTri = 1,3,5-tri(1H-1,2,3-triazol-5-yl)benzene; M = Fe, Cu), 29 and pyrazolates (M-BTP; H 3 BTP = 1,3,5-tri(1H-pyrazol-4-yl)benzene; M = Cu, Ni). 30 The pK a of the protonated form of the bridging ligand, which increases in the order of H 3 BTT < H 3 BTTri < H 3 BTP, was found to be positively correlated with the chemical stability of the overall framework and inversely related to the Lewis acidity of the open metal site. Due to the high basicity and donating ability of pyrazolate linkers, the metal ions in Ni-BTP adopt low-spin configurations. 30 On the other hand, it has been shown that the intermediate basicity of triazolates allows the iron(II) centers in Fe-BTTri to convert between high-spin and low-spin configurations, depending on the identity of the axial guest molecule.
29b Intriguingly, these examples suggest that this structure type should be able to accommodate other low-spin metal ions, such as low-spin cobalt(III).
Adsorption of O 2 and N 2 in Co-BTTri. Initial lowtemperature gas adsorption measurements indicated that the cobalt(II) centers in Co-BTTri interact much more strongly with O 2 than with N 2 . At 195 K, the O 2 loading rapidly rises to 3.3 mmol/g at 0.21 bar and reaches a maximum of 4.8 mmol/g at 1 bar, while the N 2 isotherm is much flatter, achieving only 2.0 mmol/g at 1 bar (Figure 2 ). To further quantify the gas adsorption properties of Co-BTTri, O 2 and N 2 isotherms were collected at three different temperatures between 195 and 223 K ( Figure S3 ). Each set of three isotherms was simultaneously modeled by a dual-site Langmuir equation, and isosteric heats of adsorption, as well as IAST 15 selectivities, were then calculated from these fits (Figures S4 and S5) . At low loadings, the isosteric heat (Q st ) of O 2 adsorption is −34(1) kJ/mol, which turns over near 2.8 mmol/g and subsequently decreases to −5(1) kJ/mol ( Figure S4 ). The large isosteric heat at low loadings is due to interactions between O 2 and the coordinatively unsaturated cobalt(II) centers, while the lower isosteric heat at higher loadings is a result of weak physisorption to the framework surface. The amount of strongly bound O 2 , as determined from the inflection point in the Q st plot, corresponds to roughly 0.85 per framework cobalt center, suggesting the formation of a 1:1 cobalt-dioxygen adduct. In comparison, the framework interaction with N 2 is significantly weaker, with an isosteric heat that is relatively constant at −12(1) kJ/mol (see Figure S4) .
We subsequently employed IAST to model mixed-gas behavior and predict the purity of O 2 gas that can be achieved from air using Co-BTTri. The resulting selectivities, calculated for a mixture of 0.21 bar O 2 and 0.79 bar N 2 , reach 41 at 195 K and gradually drop to 13 by 243 K (see Figure S5) . These values correspond to O 2 purities of 92% and 77%, respectively. While lower than Cr 3 (btc) 2 and Cr-BTT, these selectivities are significantly higher than Fe 2 (dobdc), which reaches a maximum selectivity of only 11 at 201 K.
4d Notably, the higher O 2 /N 2 selectivities displayed by Co-BTTri are not the result of a particularly strong interaction with O 2 , as previously reported iron and chromium frameworks exhibit much larger O 2 isosteric heats. Rather, the selectivities are due to the combination of moderate O 2 affinities coupled with exceptionally weak N 2 binding. Indeed, the isosteric heat of N 2 adsorption in CoBTTri is nearly three times lower in magnitude than that of Fe 2 (dobdc) (Q st = −12(1) versus −35 kJ/mol). This distinction is important, because while large O 2 isosteric heats often lead to high selectivity, they also result in punitive regeneration energies and highly exothermic adsorption processes that can, quite literally, spark framework decomposition. For example, Fe 2 (dobdc), Cr 3 (btc) 2 , and Cr-BTT have all been shown to lose crystallinity and capacity if the O 2 adsorption temperature and/or adsorption rate are not carefully regulated. As a result of this strong interaction and corresponding sensitivity, these materials cannot be easily handled in air without significant reductions in their gas adsorption properties, hindering their utilization in practical processes. On the other hand, materials such as Co-BTTri, which exhibit weaker interactions with O 2 and also significantly more robust framework architectures, can be regenerated under mild conditions and are much more likely to be stable over many adsorption/desorption cycles.
To illustrate this concept, we performed multiple O 2 adsorption/desorption cycles at 195 K/323 K and 0.21 bar to investigate the reversibility of O 2 binding in Co-BTTri. Gratifyingly, no change in O 2 uptake, crystallinity, or surface area was observed after 10 cycles (Figure 3 ). In addition, the framework can be exposed to room temperature air at 90% relative humidity for 24 h, reactivated at 423 K, and still exhibit no loss in adsorption properties. This stability greatly exceeds that of iron-and chromium-based metal−organic frameworks. Co-BTTri also surpasses the performance of many cobalt-based molecular complexes, which are susceptible to irreversible ligand and metal oxidation (the latter occurring via predominantly bimolecular pathways). 31 This remarkable stability, combined with a high O 2 /N 2 selectivity, makes CoBTTri an excellent candidate adsorbent for air purification applications.
Structural Characterization of Co-BTTri. In order to structurally probe the Co−O 2 interaction in Co-BTTri, pink crystals of Co-BTTri were grown at 423 K inside sealed tubes. Methanol-solvated Co-BTTri (Co-BTTri−MeOH) adopts the primitive space group Pm3̅ m, much like previously reported 
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Article frameworks of this structure type. Analysis of the bond lengths in the solvated structure reveals Co−N bond distances of 2.041(2) Å, which are slightly shorter than bond lengths observed in the tetrazolate congeners of this framework (2.06− 2.32 Å) (Figure 4a) . 8, 28 We note that the extra-framework cobalt centers, which are likely ligated by solvent, could not be located in Co-BTTri−MeOH.
To obtain a desolvated structure, a single crystal was heated to 453 K under dynamic vacuum inside a glass capillary and then subsequently flame-sealed under 400 mbar of helium. Note that roughly 38(2)% of the cobalt centers remain solvated in the activated single crystal, as determined by X-ray crystallography. Because gas adsorption experiments revealed that at least 85% of the framework sites are accessible to O 2 , this incomplete activation is likely a reflection of imperfect capillary sealing and the sensitivity of a single crystal to adventitious water. Surprisingly, upon heat and vacuum treatment, the crystal structure distorts from Pm3̅ m to face-centered Fm3̅ c symmetry. In this lower symmetry space group, the opposing [Co 4 Cl] 7+ squares of each truncated octahedral cage are slightly twisted with respect to each other ( Figure S7a ). In addition, the triazolate rings are ordered, such that the noncoordinating nitrogen atoms of neighboring heterocycles are pointed away from each other (Figure 4b ). However, there is almost certainly a small amount of disorder in the triazolate orientations, as residual electron density corresponding to the extra-framework Co 2+ cations was located in between adjacent heterocycles ( Figure S7c) . Presumably, as the crystal is activated, the extraframework cations lose some of the coordinated solvent, migrate, and bridge adjacent triazolate nitrogen atoms.
In addition to the symmetry reduction, upon activation the Co−N and Co−Cl bond lengths within Co-BTTri each decrease by ∼0.1 Å, to 1.953(2) Å and 2.367(1) Å, respectively (Figure 4b ). While it was not possible to definitively assign a spin state using the Co−N bond distances in Co-BTTri− MeOH, the much shorter bond lengths observed in the activated material strongly suggest the presence of low-spin cobalt(II).
To gain insight into the Co−O 2 interaction within the activated material, an activated crystal was dosed with 400 mbar of O 2 and cooled to 100 K. The Fm3̅ c symmetry is maintained, and O 2 was found to coordinate to each metal in an end-on fashion with a Co−O 2 bond length of 1.973(6) Å. This distance is somewhat longer than previously reported octahedral cobalt−superoxide complexes, which possess Co−O 2 bond lengths between 1.86 and 1.90 Å. Spin-State Characterization of Co-BTTri. To further probe the cobalt(II) spin state in these materials, DC magnetic susceptibility measurements were carried out on both activated and DMF-solvated Co-BTTri (Co-BTTri−DMF) samples under an applied magnetic field of 1 T. As some solvent loss was observed during the preparation of methanol-soaked CoBTTri samples, DMF was used instead to solvate Co-BTTri due to its lower volatility.
The Co−N bond lengths observed in the activated crystal structure suggest that the 24 Co II centers per formula unit are low-spin (S = 1/2), while the three charge-balancing extraframework Co II centers are likely high-spin (S = 3/2). The expected χ M T value for such a spin system, if all metal centers Figure 3 . Uptake and release of O 2 in Co-BTTri. Adsorption was carried out at 195 K and 0.21 bar, while desorption was performed by quickly heating the sample to 323 K for 5 min. Note that before the last cycle, the sample was exposed to humid air (90% relative humidity) for 24 h and then reactivated at 423 K for 6 h. are magnetically noninteracting with g = 2, is 14.63 emu·K/mol. As shown in Figure 5 (red circles), the χ M T value observed at 300 K and H dc = 1 T for Co-BTTri is notably higher at 18.99 emu·K/mol. This value can be rationalized in part by considering that the g values for high-spin cobalt(II) complexes are typically substantially higher than 2. 33 Furthermore, the linear shape of the susceptibility curve suggests a temperatureindependent paramagnetism contribution to the susceptibility, which would also contribute to a larger than predicted room temperature χ M T value.
A fit to the magnetic susceptibility data for activated CoBTTri was obtained using the Hamiltonian in eq 5 in order to further understand the magnetic exchange interactions within the [ 
In eq 5, J reflects the magnetic coupling between two lowspin (S = 1/2) Co II centers through a triazolate bridge (i.e., the coupling between nearest-neighbor metals) and J′ reflects the magnetic coupling between two low-spin (S = 1/2) Co II centers across the μ 4 -chloride bridge. In addition, an unfixed temperature-independent paramagnetism parameter, χ TIP , was included during fitting. This Hamiltonian provided a good fit to the data in the temperature range 50−300 K using the parameters J = −10 cm −1 , J′ = −98 cm
, and χ TIP = 0.0038 emu/mol. The large negative value of J′ is not unreasonable, as halide-bridged low-spin Co II centers have been previously shown to exhibit large antiferromagnetic coupling. 34 It was not possible to fit magnetic data below 50 K, possibly due to the presence of additional magnetic coupling pathways that are favored at lower temperatures. The fitting parameters obtained should be considered as approximate, since neither zero-field splitting nor spin−orbit coupling of the Co II centers were included, and only the primary magnetic coupling pathways have been modeled. Mixing of the S = 1/2 state of the Co II centers with a high-spin excited state is also possible and may be reflected in the large value of χ TIP extracted from fitting.
Compared to the activated sample, in which the framework cations maintain a low-spin configuration over the entire observed temperature range, Co-BTTri−DMF shows markedly different magnetic behavior that is suggestive of a broad spincrossover transition ( Figure 5 , blue circles). At 300 K the χ M T product is 57.64 emu·K/mol, which is larger than the 50.65 emu·K/mol anticipated for 27 noninteracting S = 3/2 centers with g = 2. Again, this larger value is expected, given that the magnetic moment for octahedral high-spin cobalt(II) centers is generally higher than the spin-only value. The χ M T value smoothly decreases with temperature until it approaches a value consistent with 24 noninteracting S = 1/2 centers and three noninteracting S = 3/2 centers at about 90 K. 36 However, due to the weak binding of O 2 in this system, it was not possible to identify this stretch in the infrared spectra collected for Co-BTTri−O 2 at room temperature. For this reason, quantum chemical calculations were performed to gain insight into the electronic structures of both Co-BTTri and Co-BTTri−O 2 . These calculations were carried out on a simplified model of the [Co 4 Cl] 7+ building unit, in which each ligand was truncated into a simple triazolate ring ( Figure 6 ).
Geometry optimizations were performed keeping the Co, Cl, and N atoms fixed at coordinates experimentally observed in the single crystal structures (for more details, see the Experimental Section above).
For the activated framework, both DFT, CASSCF, and CASPT2 methods predict an open-shell singlet for the ground state of the [Co 4 Cl] 7+ node, consistent with experimental measurements. The spin density of the broken symmetry singlet (Figure 6a) shows antiferromagnetic coupling between the four metal centers. Each cobalt(II) center has an unpaired electron in the 3d z 2 orbital, and these are antiferromagnetically coupled across the μ 4 -chloride bridge. The energy levels obtained from the Hamiltonian shown in eq 5 are given as 
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Here, S 1 is the spin on each of the metal centers, S 13 and S 24 are intermediate spins with values of 1 or 0, and S is the total spin of the Co 4 node. Solving eq 6 using the CASPT2(4,4) energies for S = 2, 1, and 0 gives the ratio J/J′ = 0.1, which is in agreement with the exchange coupling constants obtained from fitting the magnetic susceptibility data. The character of the Co−O 2 bonding interaction was subsequently examined by means of electronic structure theory. As in the case of the activated node, the open-shell singlet state was found to be the ground state of the [Co 4 (O 2 ) 4 Cl] 7+ node (Figure 6b ). The spin density on each Co II center suggests that little oxidation occurs upon O 2 binding. The extent of electron transfer from cobalt to dioxygen is about 0.25 electrons (M06 functional), and the partial occupation numbers of the CASSCF multiconfigurational wave function verified this weak charge transfer (0.20 electrons). Therefore, the Co−O 2 adduct in CoBTTri has more Co(II)−dioxygen character than Co(III)− superoxo (O 2 − ) character. This conclusion is in agreement with previous EPR measurements on molecular 1:1 cobalt−dioxygen complexes, which showed that the extent of electron transfer to O 2 can vary between 0 and 1 electrons, and depends heavily upon the ligand field.
37 Finally, the DFT-calculated enthalpy of O 2 adsorption is −32.8 kJ/mol (M06), within error of the experimental value of −34(1) kJ/mol.
Synthesis of Co-BDTriP. While Co-BTTri represents the first cobalt-based metal−organic framework to show appreciable O 2 binding at pressures below 1 bar and demonstrates excellent air stability, its isosteric heat of −34(1) kJ/mol is relatively low. For comparison, enthalpies of oxygenation for cobalt(II) molecular complexes typically range between −40 and −75 kJ/mol. 11 As a result of the low binding energy exhibited by Co-BTTri, low O 2 adsorption and poor selectivity are observed for this material at room temperature. In principle, however, it should be possible to tune the ligand environment around the metal centers in Co-BTTri to facilitate a greater O 2 uptake and greater selectivity at higher temperatures.
Toward this end, we sought to synthesize an analogous framework with H 3 BTP, a tritopic linker containing only pyrazole moieties. However, various synthetic conditions led only to the formation of alternate phases featuring tetrahedral cobalt centers. All attempts to access a mixed-ligand framework, wherein H 3 BTP and H 3 BTTri were added simultaneously in various ratios, led to poorly crystalline material with low surface areas and poor O 2 uptake. We succeeded, however, in synthesizing the new ligand H 3 BDTriP (5,5′-(5-(1H-pyrazol-4-yl)-1,3-phenylene)bis (1H-1,2,3-triazole) ), wherein one of the triazole moieties is replaced with a pyrazole (Figure 7a) . Gratifyingly, single crystals of Co-BDTriP can be grown following similar procedures as Co-BTTri, and desolvation of the material under vacuum at 453 K leads to a porous material with a BET surface area of 1332(4) m 2 /g (Langmuir surface area = 1517(2) m 2 /g). Note that the lower surface area is likely due to a small amount of ligand or solvent remaining in the pores, which could not be removed by high-temperature DMF and methanol washes or prolonged evacuation.
Crystals of Co-BDTriP form in the space group Pm3̅ m, with all heterocycle moieties randomly distributed. The orientations of the triazolate groups are similarly disordered. The compound is thus expected to contain a statistical distribution of five distinct cobalt centers ligated by a combination of triazolate and pyrazolate rings. Because of this disorder, the metal−ligand bond lengths in this structure are the weighted average of five different coordination environments and may not necessarily reflect any individual cobalt center. Finally, as with Co-BTTri, the extra-framework cation in Co-BDTriP was found to reside in between the nitrogen atoms of two neighboring triazolate ligands.
Overall, the solvated, activated, and O 2 -dosed structures of Co-BDTriP closely resemble those of Co-BTTri (Figure 7b ). This similarity is not unexpected, due to the only minor change in the ligand composition. The Co−N and Co−Cl bond lengths in methanol-solvated Co-BDTriP are very slightly shorter than those in Co-BTTri−MeOH (1.983(3) and 2.451(1) Å, respectively). As was the case with Co-BTTri, a completely activated crystal structure could not be obtained for Co-BDTriP due to difficulties in single-crystal sample preparation. However, in the 60% desolvated material the Co−N and Co−Cl distances significantly contract to 1.950(2) and 2.383(1) Å. Finally, the Co−O 2 distance in Co-BDTriP is within error to that found in Co-BTTri (1.967 (8) (Figure 9 ). This strong binding at low loadings is attributed to interactions with cobalt centers bound by three or more pyrazolate ligands, which, in a purely statistical mixture, should account for 11% of the total metal sites. The isosteric heat then gradually decreases in magnitude to −32(1) kJ/mol, a value very close to that determined for Co-BTTri, before turning over at 2.1 mmol/g ( Figure 9 ). This saturation capacity is lower than observed for Co-BTTri (2.8 mmol/g) and is likely due to incomplete activation of the framework or unreacted ligand in the pores, which is also consistent with the comparatively lower surface area of Co-BDTriP. In addition to an increased O 2 affinity at low loadings, Co-BDTriP also exhibits a lower N 2 isosteric heat that gradually plateaus to −9(1) kJ/mol ( Figure 9 ). This decrease is expected, given the weaker Lewis acidity of pyrazolate-bound metal centers, and should also contribute to a higher O 2 /N 2 selectivity.
Although the chemical change between Co-BTTri and CoBDTriP is modest, the IAST selectivities for Co-BDTriP are dramatically improved due to the combination of higher O 2 and lower N 2 binding energies observed for this framework ( Figure  10) . Indeed, the IAST selectivity more than doubles to 105 (97% purity) at 195 K and drops only to 40 at 243 K (91% purity). Notably, even with these higher O 2 binding affinities, no loss in stability is observed, and Co-BDTriP can also be cycled multiple times without any loss in adsorption capacity ( Figure S10 ).
In addition to selectivity and stability, another important metric used to evaluate adsorbents is their working capacity, or the amount of gas that can be recovered during one adsorption and desorption cycle. Regeneration of commercial, zeolitebased air separation units is typically accomplished through vacuum swing adsorption (VSA). 9 In this scenario, the adsorbent bed is held at a constant temperature and cycled between ambient pressure and a lower desorption pressure, P D . For a VSA air separation process, the working capacities can be roughly estimated from single component O 2 isotherms as the difference between the quantity of O 2 adsorbed at 0.21 bar and the quantity adsorbed at P D . Depending on the shape and steepness of the O 2 isotherm, this value can be much less than the total O 2 uptake of a material at 0.21 bar.
For P D = 0.05 bar, the working capacities of Co-BTTri and Co-BDTriP are both maximized at a bed temperature of ∼230 K. At this temperature the calculated O 2 capacities of Co-BTTri and Co-BDTriP are 1.2 mmol/g and 0.6 mmol/g, respectively, while the resulting O 2 purity is 83% and 93%, respectively (see Figure S11 ). Interestingly, although Fe 2 (dobdc) exhibits a significantly higher total O 2 uptake than Co-BTTri at 211 K (5.8 versus 3.0 mmol/g at 0.21 bar), its working capacity is only slightly higher, at 1.4 mmol/g. 4d Because of its higher working capacity, Co-BTTri may be better suited for processes where large volumes of O 2 are needed, while Co-BDTriP may be preferable if high O 2 purities are important. Although significantly higher working capacities can be achieved in both of these materials with lower desorption pressures, at a certain point the cost of achieving deeper vacuum levels will outweigh the benefits of increased capacity. Alternative regeneration conditions, such as temperature swing adsorption 
Journal of the American Chemical Society
Article or a combined temperature and pressure swing process, can also be envisioned and might lead to greater O 2 recovery.
Effect of Ligand Field on O 2 Adducts of CobaltAzolate Frameworks. While the experimental results above demonstrate that a small change in the organic linker can lead to large increases in the O 2 heat of adsorption, more detailed characterization of the Co−O 2 adducts in Co-BDTriP is hindered by its inherent structural disorder. A deeper understanding of the effect of ligand field on Co−O 2 interactions in metal−organic frameworks is desirable, however, as it may lead to the identification of new synthetic targets for O 2 /N 2 separation applications. Thus, O 2 binding in the isostructural series Co-BTT, Co-BTTri, and Co-BTP was explored systematically by computational methods to probe the relationship between equatorial ligand field, electronic structure, and heat of adsorption.
Because experimental structures of activated Co-BTT and Co-BTP and their oxygen-bound derivatives are not available, the cluster models used for this study were carved from the CoBTTri structure optimized by periodic DFT (see experimental methods section for more details). While this approach leads to structural parameters that are slightly different from what is experimentally observed in Co-BTTri, particularly with respect to the Co−Cl bond distances (Table 1) , the trends found in this series should hold nonetheless. Table 1 summarizes the results obtained from the geometry optimizations of the three models of the nodes within Co-BTT, Co-BTTri, and Co-BTP upon binding O 2 . The Co−O, Co−N, and Co−Cl bond distances decrease according to the series Co-BTT > Co-BTTri > Co-BTP, while the extent of charge transfer and the strength of the Co−O 2 interaction follows the opposite trend. In addition, unlike Co-BTTri, the hypothetical Co-BTP dioxygen adduct can be more accurately thought of as a Co(III)− superoxo species. Such a material, if it can be synthesized, may be intriguing for both higher temperature air separation applications as well as aerobic oxidation catalysis. Remarkably, despite the simplicity of the three models, the calculated enthalpies of O 2 adsorption for the triazolate and pyrazolate clusters are in agreement with the measured O 2 heats of adsorption (at low loadings) for Co-BTTri and Co-BDTriP, respectively.
■ CONCLUSIONS AND OUTLOOK
One of the most promising aspects of metal−organic frameworks is their structural diversity and chemical tunability, both of which facilitate the rational design of materials with specifically tailored properties. 38 Indeed, we have shown here how the judicious choice of both framework structure and ligand basicity results in two cobalt-based frameworks that not only exhibit exceptional oxidative stability but also display some of the highest O 2 /N 2 selectivities reported to date. Deeper insights into the nature of the Co−O 2 bond gained by electronic structure calculations reveal that tuning the ligand field changes the O 2 heats of adsorption and also drastically alters the extent of electron transfer from cobalt to O 2 (from ∼0.3 to 0.7 electrons). Finally, while not the focus of this work, the temperature-and solvent-dependent spin-state changes in Co-BTTri are of fundamental interest and could be of potential use in sensing applications. Future work will focus on further development of pyrazolate-containing cobalt frameworks and evaluation of such materials as catalysts for aerobic oxidation processes.
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